ABSTRACT. The effect of intrauterine growth retardation and neonatal hypoglycemia on cerebral metabolic intermediates were determined in newborn dogs subjected to 5 days of maternal canine starvation (MCS) before birth.
uterine growth retardation is abnormal, and is characterized by fasting hypoglycemia, attenuated FFA levels, and increased plasma levels of gluconeogenic amino acids (3) (4) (5) .
Symptomatic fasting hypoglycemia may have adverse effects on the developing central nervous system (6) . Hypoglycemia, combined with the adverse effects of intrauterine growth retardation, may seriously affect fetal brain growth and future brain function. Previous studies in our laboratory among mildly growth retarded newborn dogs demonstrated that the cerebral cortical metabolic state appeared unperturbed in the fetus at the time of birth (7) . However, cerebral cortical metabolic changes in growth retarded newborn dogs were most marked with the development of fasting neonatal hypoglycemia after birth. Brain glucose and glycogen content and the calculated energy reserve were diminished during the 24-h period following birth. Nonetheless, cerebral ATP levels were unaltered. Cerebral amino acid patterns suggested that the glutamate group of amino acids were functioning as alternate fuels and were being oxidized to support brain energy metabolism.
As 3 days of maternal nutritional deprivation only resulted in a small reduction of fetal growth, we have extended the period of nutritional deprivation to 5 days. This extended period of nutrient withdrawal has resulted in marked intrauterine growth retardation, and has produced circulating substrate perturbations which parallel those observed in the human growth-retarded infant (5) . The present report concerns the effects of intrauterine growth retardation on cerebral energy metabolism. These data suggest that severe intrauterine growth retardation and subsequent neonatal hypoglycemia significantly reduce brain energy production, even beyond the period of diminished glucose levels. The results of fasting circulating fuel turnover and hepatic intermediary metabolism from these same newborn dogs have been reported previously (5, 6) .
METHODS

Materials.
All enzymes used were purchased from Sigma, St.
Louis, MO.
Animals. Pregnant beagle dogs were maintained in kennels and fed a standard canine diet. Before delivery, six mothers were fasted overnight (18 h) providing a control group, while eight were fasted for 5 days providing the MCS group. Cesarean section was done at term (60 + 2 days). The newborn pups were immediately transferred to an incubator maintained at 37" C with relative humidity of 70% (5, 8) . The newborn pups were fasted throughout the study period in both groups. Litter size in the control group was 5.3 k 0.5 (mean 2 SEM) and 4.6 k 0.8 in the MCS group. The number of analyses varies at different time points because we were unable to obtain sufficient quantities of blood or tissue for every analysis from each mother and pup.
Experimental design. Immediately before a term Cesarean section, intravenous anesthesia (4 mg/kg chlorpromazine) was given to the mother. Lidocaine (2%) was also used to anesthetize the incision area (5) . Paired blood samples were taken from the mother and, immediately after delivery, from one or two fetuses. The newborn pups were permitted to stabilize, were weighed, and had umbilical arterial and venous catheters (3.5 French Argyle, St. Louis, MO) placed atraumatically. This was to facilitate blood withdrawal and quantitation of turnover data as reported previously (5) .
Pups were studied after 0 (fetal), 3, 6, 9, and 24 h of fasting. Because the immediate postnatal period is one of flux with major metabolic perturbations occurring at different time periods within the first 24 h of life, we studied both control and MCS pups at these four different time periods. Because of these postnatal changes, we would not expect to observe similar brain alterations at each time interval investigated.
Immediately at birth and at 3, 6, 9, and 24 h of age, the pups from each litter were sacrificed by a guillotine designed to transect the cranium exposing the cortex. The entire cerebral cortex was freeze-clamped at the temperature of liquid nitrogen in less than 3 sec with heavy aluminum blocks. These blocks were previously cooled to the temperature of liquid nitrogen. In addition, they were placed at the end of bone clamps to ensure immediate flattening of the cortex. This avoids differential cooling of the center of the sample compared with the external surface. Thickness of frozen samples was between 1 and 2 mm. Redox state, energy charge, and ATP levels in the normal pup group do not demonstrate any evidence for brain ischemia (9-1 1). The tissues were stored at -80" C until analyzed.
ANALYSES
The frozen cerebral cortex was pulverized to a fine powder at the temperature of dry ice. Extraction and homogenization were performed as reported before at O" C (7). Immediately following acid extraction and rapid neutralization, aliquots were divided and stored at -80" C. Phosphocreatine, ATP, ADP, and AMP were analyzed within 1 wk of storage of the frozen tissue and within 1 wk of extraction and neutralization. These periods of storage have not resulted in a decrement of ATP levels among neonatal canine brain samples. Our results for ATP in normal fetal and neonatal dogs are not different from those values reported in newborn dogs and rodents (9-1 1). Thereafter, glycogen, glucose, UDP glucose, G6P, F6P, FDP, phosphoenolpyruvate, pyruvate, lactate, citrate, aKG, malate, aspartate, alanine, glutamate, glutamine, and ammonia were assayed as reported previously (7) . Cerebral cytoplasmic NADINADH ratio, oxaloacetate, and energy charge were calculated as described before (7) . All analyses were performed in duplicate. The interassay variation was 5-lo%, while the intraassay was less than 5%. Standard calculator programs were used for Student's t test analyses of data between the two groups. Due to multiple analyses at five time epochs, a p value of less than 0.05 will be accepted to avoid a type 1 error. Values of 0.05 will be discussed only if part of a trend, e.g. p values of 0.01 were present before or following that epoch. Due to normal changes with age in the 1st day of life, the major comparisons are made between experimental and control groups at the same time period. Longitudinal data analyses are expressed in the text.
RESULTS
The birth weight of the MCS pups was 232 k 6 (n = 37), while control pups were significantly heavier, weighing 300 f 10 g (n = 32) ( p = 0.001). Pups from both groups behaved the same and remained pink and active throughout the study period of fasting which ranged from 3 to 24 h. After birth glucose increased in control pups but did not rise in MCS pups, and blood glucose levels after 3 h of fasting were lower (2.7 f 0.4 versus 5.7 a 1.1 mM) ( p < 0.05) (5). Thereafter glucose values in MCS pups increased and were equivalent to control pups. Ketone levels became lower after birth and were not altered in the fasted neonates from either group, remaining less than 0.25 mM. However, plasma FFA levels appeared to be decreased in the MCS pups at 3 h of age (0.50 a 0.06 versus 0.70 + 0.07 mM) ( p < 0.05). Furthermore circulating glycerol levels were reduced in MCS pups after 3, 6, and 9 h of neonatal fasting (5) . . .
Cerebral Metabolism following MCS. Glycolysis (Table I ). In control pups cerebral glucose levels increased between birth and 3 h ( p < 0.02) and remained constant during the remaining fasting period. At birth glucose values in the cerebral cortex of MCS pups were similar to control values. However at 3 h after birth cerebral glucose concentrations were significantly lower in the MCS pups. At this time UDP-glucose levels were also lower in MCS pups. Furthermore between 0 and 3 h of age in control pups, cerebral glycogen content appeared to be increased ( p < 0.05) while glycogen levels did not increase between 0 and 3 h in pups of starved mothers. Glycogen content was not reduced in MCS pups compared with age matched controls at 3, 6, or 9 h of age. Nonetheless after 24 h of fasting MCS pups appeared to have lower cerebral cortical glycogen levels than control pups.
G6P concentrations were not different between the pup groups; however F6P levels were diminished at birth and at 6 and 9 h of age in the fasted MCS newborn pups compared with age-matched control pups. FDP was only determined at 0 and 3 h because of limited tissue remaining in which to perform this assay. At birth FDP levels were similar (0.0066 a 0.0010 versus 0.0074 f 0.00 1 1 Fmol/g). At 3 h of age cerebral FDP levels in MCS pups increased; at this time FDP concentrations appeared greater in the MCS pups (0.0 120 k 0.002 1 versus 0.008 1 k 0.00 1 1) ( p < 0.05).
Phosphoenolpyruvate and pyruvate levels were unaltered while lactate levels appeared to be diminished in MCS pups compared with age matched control pups at 3 and 6 h of age.
Cerebral Krebs cycle intermediates (Table 2 ). Cerebral cortical levels of citrate were not affected during the period of neonatal hypoglycemia or throughout the 24 h of fasting. otKG did not demonstrate differences between groups at the neonatal time periods tested. Cortical levels of malate were diminished at 3, 6, and 9 h in MCS pups compared with the age-matched controls, while the calculated oxaloacetate concentration was only augmented in the MCS at 0 h.
Cerebral amino acids ( Table 3) . Alanine concentrations in the cortex appeared to be diminished in the MCS pups at 3 h of age compared with age-matched control pups. In contrast, cerebral cortical aspartate levels were augmented at 3 and 6 h of age in MCS pups. Glutamate was transiently elevated following MCS at 9 h. More consistently, glutamine concentrations were diminished after 3, 6, and 9 h of neonatal fasting in MCS pups compared with age-matched control pups. Cerebral ammonia content was not affected by MCS or by any duration of neonatal fasting.
Cerebral energy state (Table 4) . At the time of birth, fetal energy status, as determined by creatine phosphate, ATP, the total adenine nucleotide pool size, the energy charge, and energy reserve, was not significantly affected by MCS. However, after birth and with the development of fasting neonatal hypoglycemia, cerebral energy metabolism was altered in the MCS pups. PCr levels were diminished at 3, 6, and 9 h, while cerebral cortical ATP was diminished at 6 and 9 h of age in MCS pups. Furthermore ADP was diminished at 3, 6, and 9 h of age, while AMP appeared to be augmented at 3 and 6 h in MCS pups compared with age matched control pups. These alterations resulted in a net reduction of the total adenine nucleotide pool in MCS pups during hypoglycemia (3 h) and the period of recovery at 6 and 9 h of age. Although the ratio of adenine nucleotides, expressed in the energy charge, was not altered, the sum of energy yielding compounds, expressed as the energy reserve, was diminished following MCS during hypoglycemia (3 h) and recovery at 6, 9, and 24 h of age. In addition, the cerebral cytoplasmic redox state was more oxidized at 3 h of age compared to age-matched pups born to normal mothers. (1 p < 0.05. n p < 0.001. **p < 0.01.
DISCUSSION
in dogs suggested that cerebral amino acids of the glutamare group were oxidized to maintain cerebral energy metabolism (7) . Previous studies of the effects of mild intrauterine growth In this prior and milder model of intrauterine growth retardation, retardation and postnatal hypoglycemia on cerebral metabolism birth weight was reduced 9% in contrast to the 23% reduction of fetal growth in the present study (2, 5) . In the less severe model of intrauterine growth retardation, cerebral ATP, PCr, and energy charge were unaltered; while perturbations of the amino acids of the glutamate group suggested that this large cerebral pool of amino acids might be utilized to maintain energy production (7) .
The present model extends the period of MCS to 5 days and results in more severe intrauterine growth retardation. The transient hypoglycemia in the newborn period at 3 h of age, together with a decrease in ~l a s m a FFA levels and an increase in alanine levels, is simlar to metabolic observations noted in hypoglycemic human newborn infants with intrauterine growth retardation (3) (4) (5) . Although MCS may not parallel many of the features of human intrauterine growth retardation, the circulating fuel profile and fetal weight reduction suggest that this is a reasonable animal model of the human disease.
In the present model it is diff~cult to separate the effects of previous maternal canine starvation, fasting during the neonatal period, and the additional factor of neonatal hypoglycemia on the alteration of brain metabolism. The use of multiple fasted age groups in controls and MCS can control for the effects of various periods of neonatal fasting. Nonetheless the perturbations of brain metabolites due to MCS alone noted at the time of birth were minimal and did not demonstrate alterations of fetal energy status, as expressd by CPr, ATP levels, or the energy charge and energy reserve. The predominant changes in cerebral energy metabolism in MCS pups occurs during or after the period of lowered blood glucose concentration at 3 h of age. Thus hypoglycemia, although transient, and a delayed recovery from hypoglycemia may be the major factors that affect neonatal cerebral energy metabolism. This does not exclude the possibilities that the observed perturbations were modified (increased or decreased) by the effects of intrauterine growth retardation.
At 3 h of age MCS pups have lower levels of circulating and brain glucose levels. When peripheral glucose levels decline, brain levels will be reduced as a new equilibrium is attained. This is due in part to depletion of free cellular glucose by way of cerebral metabolic pathways. Brain glucose may flow to glycogen synthesis or to the glycolytic pathway. Normal dogs usually have an increment of cerebral glycogen stores after birth (7). This was apparent among control pups but not in pups with intrauterine growth retardation. Because brain glucose, UDP-glucose, and F6P were lower among MCS pups, especially at 3 h of age, while glycogen content did not increase between birth and this time, glucose must have entered the glycolytic pathway. To facilitate this pathway, enhanced activity of phosphofructokinase may have pulled glucose in the direction of glycolysis. This enzyme has been known to be a rate limiting, regulatory enzyme during periods of cerebral anoxia or ischemia. Although glucose supply is diminished during total ischemia, there remains strong evidence that this regulatory enzyme is activated (10, 12, 13) . Despite an apparent increase in phosphofructokinase activity at 3 h, the redox state data demonstrate a more oxidized cytoplasm. This suggests that the rate of oxidation by way of glycolysis was reduced compared with control pups fasted for 3 h. Recovery at 6, 9, and 24 h following hypoglycemia, demonstrated by the normal cytoplasmic redox state and normal glucose levels, may be due in part to the continuation of augmented phosphofructokinase activity beyond 3 h of age.
In the lower segment of the glycolytic pathway, cerebral lactate levels appeared to be lower in MCS pups at 3 and 6 h of age despite similar or increased blood levels of lactate among MCS pups at these times (5) . Lactate may function as cerebral cortical fuel in many newborn species, including man (14) (15) (16) . Other studies among newborn beagles by our group (1 8) and Gregoire et al. (17) have demonstrated release of lactate from the brain.
The pups releasing lactate were beagles and were also very young compared with studies demonstrating lactate uptake. During periods of hypoglycemia in newborn beagles born to starved mothers, less cerebral lactate is released into the systemic circulation than during normoglycemia (1 8). In the presence of similar glucose arteriovenous differences, these data suggest that lactate oxidation functions as an alternate cerebral fuel. The observed decline of cerebral lactate levels in MCS pups compared to agematched controls (in the presence of similar blood lacate levels:
1.76 + 0.2 versus 1.72 k 0.2 at 3 h) suggests that lactate oxidation in the Krebs cycle may be augmented at this time. The alteration of the redox state, together with activation of cerebral pyruvate dehydrogenase, could explain these findings.
Additional alternate fuels that may enter the pathway of oxidative metabolism by transamination reactions are the amino acids of the glutamate group. Increased cerebral aspartate and diminished glutamine and alanine have been reported before in hypoglycemic neonatal dogs and in hypoglycemic newborn and adult rats (7, 12, (19) (20) (21) (22) . This large pool of cerebral cortical amino acids related to glutamate exceeds the amount of cerebral glycogen by approximately 6-fold and may be more readily mobilized. These endogenous cerebral amino acids probably function as a major source of oxidizable substrates during periods of diminished circulating glucose levels. Similar observations of increased transamination of these amino acids have been noted in the undisturbed state by NMR spectroscopy during hypoglycemia (23) .
In addition to circulating hypoglycemia at 3 h of age, MCS pups also demonstrated a transient decline of FFA and a more persistent reduction of plasma glycerol levels (5). Both fuels pobably have little effect on cerebral energy metabolism. Glycerol in particular has not been demonstrated to be taken up by the newborn brain in mice, subhuman primates, or man (3, 16, 24) .
Despite apparent increased rates of phosphofructokinase activity and oxidation of alternate fuels in MCS pups during and after hypoglycemia, cerebral energy production appeared to be severely diminished. In adult rats with mild to moderate hypoglycemia, cerebral energy metabolism may be unaltered as ATP levels do not decline (20) . Furthermore cerebral oxygen consumption is not reduced in hypoglycemic dogs despite a marked decline in the total cerebral utilization of glucose (15) . It has been hypothesized that augmented oxidation of endogenous cerebral substrates maintains the energy status of the brain. However, as hypoglycemia becomes more severe, adult rats demonstrate a decline in cerebral cortical ATP levels (20) . Thus, even though alternate fuel oxidation is increased, energy production has been noted not to be maintained in other models of hypoglycemia and possibly not in the present newborn dog model as well.
Endogenous fuel oxidation appears to be enhanced in the hypoglycemic fasted newborn dog following MCS compared to the time matched control dogs. Nonetheless, the cerebral energy status during and following the decline of blood glucose values is adversely affected. At 3 h the cerebral cortex of the MCS pups is in a more oxidated state (less NADH production) as evidenced by the redox ratio and perhaps by the altered oxaloacetate to malate ratio. Furthermore the alterations of PCr and the adenine nucleotides during both this time and later during recovery also suggest decreased energy production. Similar observations were noted simultaneously in hepatic tissue from these same pups, as glycolytic flux was thought to be accelerated, while hepatic ATP levels were significantly decreased following MCS and hypoglycemia (5).
This energy deficiency state may not be due only to diminished glucose availability. Brain glycogen content was not mobilized during the early neonatal period (3-9 h). Furthermore although there were alterations of the glutamate pool of amino acids, this source of potentially oxidizable substates was not exhausted to very low levels as reported in adult models of hypoglycemia (12, 2 1). These data suggest that, in addition to diminished availability of circulating glucose, the mobilization and/or oxidation of endogenous cerebral fuels were also insufficient to maintain cerebral energy production. Although there was evidence for increased phosphofructokinase activity and transamination of the glutamate amino acid pool, the augmented activity of these pathways was not sufficient to support neonatal cerebral oxidative metabolism.
Hypoglycemia was a transient event present only at 3 h of age. Thereafter systemic and brain glucose concentrations increased to control values. Nonetheless cerebral ATP remained low at 6 and 9 h. The total adenine nucleotide pool and brain glutamine and malate levels also remained lower than control values. Similar observations of a delayed cerebral metabolite recovery from insulin-induced hypoglycemia, despite sufficient blood glucose levels, have been noted in adult dogs, rats, and mice (12, 22, 23, 25) . Following administration of glucose, the neurological status of the animal improves rapidly; however, cerebral cortical levels of ATP, malate, and glutamine do not immediately return to control values (12, 22, 25) . This may be related to cell injury, diminished membrane transport, reduced capillary bed recmitment, and/or depletion of the four carbon precursors of the Krebs cycle (glucose carbons are the major precurser for both Krebs cycle intermediates and the glutamine pool).
The poor neurodevelopmental outcome among human infants with intrauterine growth retardation is a complex result of the effects of poor intrauterine growth and any additional central nervous system injury resulting from hypoglycemia (26) . Many growth-retarded newborn infants without hypoglycemia will have learning disabilities, while those with symptomatic hypoglycemia have a much poorer neurological prognosis. A combination of intrauterine growth retardation and hypoglycemia, as examined in the present animal model, may adversely affect the neonatal brain's ability to maintain oxidative metabolism. Alterations of the brain's energy metabolism during critical periods of brain growth and development may have serious consequences for future neurointellectual function.
